The problem of generation and existence of large-scale vortices in the ionosphere is analyzed in this paper. Some exact solutions of the magneto-hydrodynamic (MHD) equations have been found and new invariants have been constructed allowing to descover mechanisms of generation of large-scale vortices and planetary waves in the electroconducting atmosphere under the action of non-conservative Coriolis and Ampere forces.
INTRODUCTION
Recently the problem of study of dynamics of large-scale ( 10 3 10 4 km) motions in the ionosphere against the background of which occur almost all physicochemical processes is in the focus of attention of the researches investigating the upper atmosphere. This is caused by the fact that at the considered altitudes ( 80 600 km) atmosphere is weakly ionized ionospheric plasma the charged component of which instantly reacts to any changes of the dynamic mode of the neutral component of ionosphere. The response to the dynamic impact has electromagnetic character. It propagates in the medium with velocity above 1 km s 1 in the form of natural (background) oscillations and contains valuable information about external sources and electrodynamic precesses in the upper atmosphere. The response is registered by ionospheric and magnetic observatories during magnetic storms, substorms [1] , earthquakes [2] [3] [4] , spacecraft startups [5, 6] etc. In the latter case, the response represents solitary, large-scale cyclonic and anticyclonic type vortex structure. Interpretation of the response of ionospheric plasma is a main goal of the researchers of the upper atmosphere and near-earth cosmic space [7] [8] [9] [10] [11] .
The problem of generation and conditions of existence of large-scale vortices in the ionosphere is analyzed in this paper. Some exact solutions of the magneto-hydrodynamic (MHD) equations have been found and new invariants have been constructed allowing to reveal the mechanisms of generation of large-scale vortices and planetary waves in the electroconductive atmosphere under the action of nonconservative Coriolis and Ampere forces.
MODEL OF MEDIUM AND BASIC EQUATIONS
Weather-forming low frequency ( 10 4 10 6 s 1 ) planetary-scale processes proceed very slowly in the *Address correspondence to this author at the Physics Department, Georgian Technical University, Kostava Street, 77, 0175, Tbilisi, Georgia; Tel: (+99595) 540222; Fax: (99532) 253898; E-mail: jandieri@access.sanet.ge troposphere, with local wind velocities ( 5 20 m s 1 ) [12] [13] [14] . As observations have shown [12, 15, 16] , large-scale dynamic processes in the ionosphere have long time intervals (from ten seconds up to several hours for electromagnetic planetary waves, and from two days up to two weeks and more for Rossby-type waves) and velocities from 10 100 m s 1 up to several tens of k m s 1 . Time of global impact of the above sources on the ionosphere corresponds to the frequencies of electromagnetic planetary waves [6, 12] . This leads to the resonance amplification of the amplitudes of these wave oscillations and allows registering them by delay of perturbation by ionospheric and magnetic observatories located at the same latitude and thousands of kilometres distant from each other. Characteristics of the dynamic processes in the upper atmosphere is determined by the presence of electroconductive component and by effect of geomagnetic field on this componenet. Presence of anisotropic conductivity and inhomogeneous geomagnetic field gives additional electromagnetic elasticity to the upper atmosphere of the earth. As a result, dynamic processes in the ionosphere can be described by three-component liquid model: pressure of neutral molecules (neutral gas) P m , pressure of electrons (electron gas) P e and ions (ion gas) P i , and also pressure of [12, 17] . As frequencies of collisions very rapidly decrease with altitude, beginning from 120 km and above, the second inequality (1.1) is violated and takes the following form:
As a result, plasma component in the upper E -and F regions will be completely magnetized. Taking into account the above inequalities, the general expressions are simplified for the coefficients of Hall's H and Pedersen's conductivities (transversal conductivity) and in the lower E region (80-130 km), (Hall's region), and take the following form [12] : 
, V -velocity of neutrals. In the region of altitudes of 80-115 km turbulent mixing is also a substantial factor of motion dissipation [13, 14] . The reason of turbulence in this region of atmosphere is destruction of the internal gravity and planetary waves. Turbulent motions transform into laminar motions in the region above 115 km.
Taking into account the above equation, the medium motion equation for lower E region can be presented in the following form [17] : [17] , is directly determined by current density j :
In this case induced magnetic field h is determined from the Maxwell's equation: 
As a result, a closed system of equations of singlecomponent magnetic hydrodynamics with given heat influx , taking into account equations (1.6) and (1.7), can be presented in the following form [12] :
For the lower E region, taking rot from both parts of equation (1.5) on condition of the absence of dissipative forces, we will find condition of conservation of the new invariant [19, 20] :
Here operator helm for any vector field a has the following form [21] :
Equality helm a = 0 means conservation ("freezing-in") of both, force lines of vector a and intensity of vector tubes [21] .
In the absence of magnetic field ( H 0 = 0) from equation (1.13) we get a well-known condition of conservation ("freezing-in") of absolute vortex V + 2 0 [22] Thus, we can conclude that the E region (80-150 km) behaves as a neutral medium. Here ion component of plasma is present as passive admixure and moves together with the neutal component ( V i V ) [12, 17] . Dynamic processes in this region of the upper atmosphere are mainly caused by pressure P of the neutral gas. The electron component, which is completely magnetized here, considerably depends on the geomagnetic field (P H / P e >> 1) . Regardless of the neutrals, it moves with the drift velocity
field, the value of which for large-scale processes substantially exceeds ionospheric dynamo field generated in the ionosphere by the wind mechanism In the F region (150 -600km) electrons and ions are completely magnetized, e >> e , i >> im . They are tightly connected with the geomagnetic lines of force and their motion is mainly determined by geomagnetic field pressure (( P H / P) >> 1) . Due to equality of the masses of molecules and ions, the neutrals will be effectively involved in the motion. As a result, perturbation in a neutral component will propagate with the characteristic = 0 (at the initial moment in the atmosphere there were no vortices) has an unreal solution as under the action of barocline vector A the generating vortex will be growing unlimitidly in time V = A t . If a dissipation mechanism in the ionosphere is a Rayleigh friction, equation for the vorticity will take the following form:
which with the same Cauchy conditions has the bounded solution:
Indeed, from equation (3.3) follows that vorticity will increase linearly with time only at small time intervals ( t << 1 / Ra ) under the action of baroclinicity. After a certain time, when the dissipation effect reaches a specific value, the vortex starts to decrease and for the large intervals of time ( t >> 1 / Ra ) tends to constant (equilibrium) value A / Ra . The value T = 1 / Ra can be called a time of relaxation of nonstationary vortex. For the E region T is of the order of twenty-four hours, and for the F region -of the order of one hour [12, 15] . Stationary solution describes the equilibrium between baroclinicity and dissipation effects ( A = Ra ( V) st ). As a result, dissipative structure of movement is formed in the ionosphere in the form of stationary cyclones and anticyclones. In the troposphere such immovable cyclones (anticyclones) are called as "centres of action of atmosphere" [24] . For example, to them are related Icelandic and Aleutian cyclones, Siberian and Canadian anticyclones, etc.
In the geostrophyc approximation, in the presence of heat (cold) source and dissipative force F = Ra V the following formulae have been obtained [12] describing the structure of stationary cyclone (anticyclone):
here P and -pressure and density of medium, 0z -vertical component of the angular velocity of the earth rotation, and a -vertical and adiabatic gradients of temperature, c p -heat capacity at a constent pressure, Partial solution of this equation has the following form
Geomagnetic field H 0z in the meridional direction has a maximum on a pole and decreases to zero on the equator. Now let's consider the case when at the initial point of time a movement is counter-clockwise, i.e. A > 0 (Fig. 2) . Here x is directed along latitude from the west to the east, and yalong meridian form the south to the north. In the plane xy , to the left of the instant centre of rotation, and in case of the motion of particles from the north to the south H 0z will decrease towards negative y . Consequantly ( V) z must increase by equal value so that A remains constant. To the right of the instant centre of rotation, when the particles move towards positive y , H 0z will increase and ( V) zdecrease. Thus, presence of inhomogeneous magnetic field H 0z along meridian leads to the intensification of vortex to the left from the instant centre of rotation, i.e. particles on a left-hand side will be rotating faster, than to the right of the rotation centre. In case of clockwise rotation, constant A will be negative and taking this into consideration intensification of vortex will occur again on a left-hand side from the instant centre. Intensification mechanism of such vortex is similar to the amplification of currents at the western ocean coasts caused by the Coriolis force [22] .
The problem of possible generation of vortical motions in the ionosphere is not less important, when at the initial point of time the motion is vortex-free and rectilinear along meridian (from the north to the south). At the initial moment from the condition of retaining the equation (2.8) we will have (Fig. 3) When studying nonstationary processes in the ionosphere, consideration must be given to the fact that atmosphere density at ionospheric altitudes is nearly million times less than in the troposphere, and the wind velocity exceeds the wind velocity in the troposphere by an order of magnitude. Therefore, ionosphere (beginning from 120 km and higher) becomes nonstationary and nonlinear medium. As a rule, considering nonlinearity, steepness of the wave front increases leading to its breaking or formation of shock wave. However, as it is well known, shock waves do not arise spontaneously in the ionosphere. This indicates to the fact that in the real ionosphere for the planetary-scale motions when dissipative forces can be neglected, dispersive effects of the medium must be essential. As a result before breaking the wave must disintegrate either into separate nonlinear waves or into the vortex formations. If nonlinear increase of the steepness of wave front will be exactly compensated by dispersion spreading, then stationary waves may appear in the ionosphere, i.e. all values describing waves, which propagate without changing their shapes will depend on x ct , where c -wave phase velocity. It has been shown for the first time [20] that planetary waves are partial exact solutions of nonlinear Helmholtz-Fridman vorticity equation (1.13) describing slow weather-forming processes in the atmosphere. By applying simplification of the theory of long waves and neglecting electromagnetic and viscous forces for barotropic, nondivergent atmosphere, after introduction of flow function by formulae Fig. (2) . Vortex intensification in the ionosphere. The dependence of inhomogeneous magnetic field H oz versus y . Fig. (3) . Vortex generation in the ionosphere. The dependence of inhomogeneous magnetic field H oz versus y . 
where
General solution of equation (2.11) has the following form
where G -arbitrary differentiable function of its own argument. It was shown [26, 27] in the second approximation we will get nonlinear equation for the function F( ) [28, 29] . Also it is shown that with the real atmospheric parameters the obtained solutions make sense only for n ( n = 1, 2 ) corresponding to large-scale perturbations ( 2h / n) . Such system of solitary waves and large-scale vortices of cyclon and anticyclone-type often are observed in the atmosphere [24] . Thus, in the presence of inhomogeneity of zonal flow in meridional direction (as well as inhomogeneous geomagnetic field H 0z in equation. (2.8)) leads to formation of large-scale vortices, solitary waves and jet flows, playing an important role in weather-forming processes. Taking into consideration that zonal gradient of the wind velocity along meridian always exists in the ionosphere due to non-uniform heating of the atmosphere from the pole to the equator, caused by large-latitudinal heating source [12] , the above considered mechanism of formation of nonlinear waves should play an important role in studying the large-scale dynamic processes in the ionosphere. Below is shown that the solution of dipole-type vortices (see Fig. 6 ) should play an important role in dynamic processes of the ionosphere, since such vortical structures, as shown below, are longliving, having electromagnetic nature (this allows to register them through radio methods [16] ) and can play essential role in the processes of heat and energy transfer and also in formation of strongly turbulent medium. Fig. (4) . Generation of anticyclone in the ionosphere at positive linear shear of a zonal wind. Basic ionospheric equations of magnetic hydrodynamics for vorticity rot V and magnetic field H can be presented in the following form: For the horizontal, incompressible, nondivergent flow in -plane approximation the system (2.17) takes on the following form:
Here are introduced the following designations: and potential enstrophy K 
in the form of stationary nonlinear waves is found in nondissipative approximation [29, 32] . These waves propagate with the velocity u = const along latitudinal circles x without changing their shape = x ut . The solution of the system (2.18) along the polar coordinate system in the form of solitary waves has the following form: 24) where r = (
where the solution is being searched 2.3) ). Therefore, as it was mentioned above, they can play an important role in the processes of substance, heat and energy transfer and in formation of macro-turbulent horizontal transfer, where the above vortical structures can be considered as "turbulent particles". Indeed, the abovediscussed vortical structures, playing role of "turbulent particles", can be considered as the elements of horizontal turbulent macroexchange in the global circulation processes in the ionosphere. Besides, horizontal turbulent exchange coefficient can be estimated by Obukhov formula appeares for the natural frequencies, which shows that the considered large-scale waves have planetarywide character and they can be registered at all latitudes from the pole to the equator (their values double on the equator) [23, 31] . Good agreement of theoretical results of the discussed electromagnetic planetary waves with experimentally observed data of large-scale mid-latitude long-period oscillations in the E region and magneto-ionospheric wavy perturbations in the F region indicate the existence of the sources of planetary wavy structures having electromagnetic nature at ionospheric altitudes. These sources are permanently acting factors in the upper atmosphere, latitudinal inhomogeneity of geomagnetic field and angular velocity of the earth rotation. The discussed wavy structures represent their own degrees of freedom of the ionospheric resonator [31] , and the observed mid-latitude long-period oscillations and magneto-ionospheric wavy perturbations in the ionosphere can be considered as mainfestation of these self-oscillation in the upper atmosphere. When ionosphere is affected from above or from below (magnetic storm, earthquake, artificial explosions, etc) in the first place wavy structures will intensify at these modes [15, 38] . With a specific power of external sources, solitary vortices will generate [26, 27, 34, 36, 37] which is confirmed by observations [1, 15, 16, 39, 40] .
CONCLUSION
Summarizing all the above it should be noted that the main system of magnetic hydrodynamic equations of the ionosphere admits exact solutions constructed in the works [23, 31, 35] both, in linear as well as in nonlinear cases. It was shown that generation of linear planetary-scale vortical wavy structures having hydrodynamical and electromagnetic nature in the ionosphere is a result of constantly existing factors: latitudinal gradients of both angular velocity of the earth rotation and geomagnetic field. In nonlinear case, zonal shear flow factor is added to these fundamental factors, which is caused by inhomogeneous heating of the polar and equatorial regions. Thus, inhomogeneity of the earth rotation along meridian, geomagnetic field and zonal predominant flow can be considered among the real sources, generating plantary waves of hydrodynamic and electromagnetic nature in the ionosphere.
